Existing models of leaf area expansion of Gramineae species based on individual leaf growth are descriptive and assume that there is no effect of tiller type on individual leaf area. However, sound experimental data on the growth of individual leaves on a plant are lacking. A growth chamber experiment was carried out with young spring wheat (Triticum aesti um L.) plants, and individual leaf area parameters were measured. Treatments were temperature (daily mean 10n5, 15n5 and 20n5 mC) and light intensity (111, 191 and 286 µmol m −# s −" ). Effects of leaf position and tiller type on maximum leaf width and leaf elongation rate (LER) could be explained by a new assumption, that maximum leaf width, and LER, of a leaf depend on the values for the previous foliar leaf on the same tiller, or on the parent tiller. LER increased linearly with temperature and was not affected by light intensity, whereas maximum leaf width was not influenced by temperature or light intensity. Leaf elongation duration was closely related to phyllochron expressed in days, although this relation was slightly modified by light intensity. Equations formulated for each leaf area parameter accounted for 90 % of the variation in leaf area between different leaf types, temperatures and light intensities. The results give a better general understanding of individual leaf growth of Gramineae species and can be used in the development of more mechanistic models for the simulation of leaf area expansion.
INTRODUCTION
In the early stages of development, leaf area largely determines the rate of crop growth (Goudriaan and Van Laar, 1994) . Therefore, an accurate simulation of leaf area is a prerequisite for the modelling of dry matter production. In a companion paper, the leaf number dynamics of spaced wheat (Triticum aesti um L.) plants subjected to various temperature and light conditions were presented (Bos and Neuteboom, 1998) . The current paper considers data, from the same experiment, on area expansion of individual leaves at different leaf positions.
The expanding leaf blades of dicotyledonous species increase both in length and width, whereas a visible leaf of a monocotyledonous species increases only in length, because the width remains unchanged once it has emerged from the sheath bundle (Dale, 1988) . Consequently, four parameters must be estimated to analyse the area expansion of individual leaves of monocotyledonous species : (1) leaf elongation rate (LER ; a list of abbreviations is given in the Appendix) ; (2) leaf elongation duration (LED) ; (3) maximum leaf width ; and (4) a constant, k, relating fullyexpanded leaf length and maximum leaf width to fullyexpanded leaf area.
In the literature, LER, LED, maximum leaf width and k have been assessed for one or more leaves of the main tiller (e.g. Kirby, 1973 ; Schnyder and Nelson, 1989) . The interactions with tiller type and environmental factors are largely unknown, and rough generalizations have been made in the construction of simulation models of leaf area expansion based on the growth of individual leaves and tillers (e.g. Amir and Sinclair, 1991 ; Wilhelm et al., 1993) . In the current experiment, these interactions are quantified with the objective of providing a better basis for the simulation of leaf area expansion of Gramineae species.
In the experiment, temperature was varied because it has large effects on the rate of leaf area expansion (Hay and Tunnicliffe Wilson, 1982 ; Reid, Zur and Hesketh, 1990) and it varies greatly under field conditions. Light intensity effects were studied because reduction in intensity below the saturation level for photosynthesis reduces the rate of dry matter production, and relatively low light intensities could also cause differences in area expansion between individual leaves when plants compete for light. Spaced plants were used, to keep the measured effects of temperature and light intensity free from interactions with crop shading. Spring wheat was chosen as a representative of the Gramineae because it is easy to grow and to measure. Moreover, it is a well-documented species, cultivated world-wide.
MATERIALS AND METHODS

Experimental design
The design of the experiment has been described by Bos and Neuteboom (1998 F. 1. Estimation of time of leaf appearance, leaf elongation rate (LER), leaf elongation duration (LED), phyllochron and D λ . The number of data points used in fitting the two lines for leaf λ was varied, and the solution with the least residual sum of squares was chosen. Data points of a representative leaf are given ; in this case, a fit of the first line using the first four data points and the second line using the remaining two data points yielded the best solution.
T2, 18\13 ; T3, 23\18 mC). Sufficient nutrients and water were supplied to meet growth requirements. Within each growth chamber, three compartments were established, with photosynthetic photon flux densities of 111 (L1), 191 (L2) and 286 (L3) µmol m − # s − " immediately above the plants. Daylength was set at 14 h d − ".
Tiller and leaf identification
Tillers and leaves were identified using the system of Klepper, Rickman and Peterson (1982) , counting the leaves acropetally, with the coleoptile or prophyll named l0 and the first foliar leaf l1. The seedling stem was the mainstem (ms). Other tillers were named after their parent leaf, e.g. t0 was the tiller from the axil of l0. Higher-order tillers were indicated by additional digits ; for example, t1n0 was the tiller from the axil of l1n0 (i.e. the prophyll of t1). Tiller t1n0 was the ' daughter ' tiller of t1, which in turn was its ' parent ' tiller.
Measurements and calculation of parameters
Plants were harvested at consecutive Haun Stages (HS ; Haun, 1973) at mean HS ms of 3n2, 4n2, 5n2, 6n2 and 7n2. The lengths and maximum widths of the emerged part of all leaves, and the lengths of the fully-expanded sheaths, of seven plants were measured and the dry weights of the various organs were obtained after drying at 70 mC to constant weight. The eighth plant of each sample was used to measure the length, maximum width, and width at six or seven equidistant places over the entire length of each new fully-expanded leaf. Leaf area was calculated from leaf length and leaf widths using numerical rectangular integration, and the leaf shape factor k was calculated for each leaf using :
k l Leaf area Leaf lengthiMaximum leaf width
For the analysis of final leaf area and maximum leaf width, data were used from leaves, from the destructive harvests, which had just reached full expansion. Plants reserved for the last harvest were used throughout growth for the collection of data on LER and LED by measuring the visible lengths (i.e. from the tip to the youngest visible ligule) of all growing leaves at a fixed time of day four times per phyllochron. According to Gallagher (1979) , the LER of visible leaf blades is relatively constant for wheat until it abruptly drops to zero. Therefore, these data could be used to estimate LER, LED and the time of leaf appearance from a two-fold regression as shown in Fig.  1 .
Data analysis
Three hypotheses which give quantitative expression of the effects of leaf type on LER and maximum leaf width were tested for each treatment. Hypothesis A assumes that LER, or maximum width, of a leaf is determined by leaf appearance day (Kemp, 1981 b) . Hypothesis B assumes that LER, or maximum width, is determined by leaf position on the tiller (Amir and Sinclair, 1991 ; McMaster et al., 1991 ; Van Loo, 1993) . A new hypothesis, C, assumes that LER, or maximum width, of a leaf is determined by the value of the previous foliar leaf on the same tiller, or on the parent tiller. To test hypothesis C, a new parameter ' summed leaf position ' was used to quantify leaf type effects. Summed leaf position is equal to the sum of all the numbers in the designation of the leaf (e.g. for l3.0.1 this is 3j0j1 l 4; Table 1 ). Hypothesis C is quite different from the other two hypotheses : e.g. l2 appears at an early plant stage (hypothesis A), and both its position on the tiller (hypothesis B) and its summed leaf position (hypothesis C) are equal to 2, whereas l1.0.0.1 appears at a later plant stage, its position on the tiller is equal to 1 but its summed leaf position is equal to 2. Observed appearance day (hypothesis A), leaf position on the tiller (hypothesis B) and summed leaf position (hypothesis C) were used as independent variables, and the best independent variable which accounted for the most variation in LER, or maximum leaf width, using a biologicallyrealistic equation (see Appendix) was selected.
Since LED is strongly related to phyllochron (Van Loo, 1993 ; Yin and Kropff, 1996) , it was evaluated using the following equation (see Fig. 1 ) :
where λ is the acropetally-counted position of a leaf on a tiller, and D λ the LED of leaf λ expressed in phyllochrons. Linear, quadratic and interactive effects of temperature and light intensity were analysed by a stepwise regression (McCullagh and Nelder, 1989) . The term which accounted for most of the variation was included if its contribution was significant (P 0n05). The percentage of variance accounted for was expressed as the adjusted R# statistic :
Residual mean square Total mean square (3)
RESULTS
Leaf elongation rate
For six out of the nine treatments, summed leaf position (Table 1 ) accounted for most of the variation in LER. Since careful examination of the data showed that leaves which had appeared after HS ms l 4n7 always had lower LER than fitted (e.g. Fig. 2A ), the analysis was repeated for leaves that had appeared before HS ms l 4n7 only. For eight treatments, summed leaf position accounted for most of the variation, and only LER in treatment T3L1 was predicted more accurately using leaf position on the tiller. Averaging over all treatments, R# adj was 69 % using summed leaf position as the independent variable (hypothesis C), and 37 % using both leaf appearance day (hypothesis A) or leaf position on a tiller (hypothesis B) as independent variables. Averaging over all treatments, with summed leaf position as the independent variable, the negative exponential function [eqn (A), Appendix] accounted for most of the variation. The effects of variation in temperature and light intensity on fitted LER " (LER at summed leaf position l 1 ; see Appendix), LER $ (LER at summed leaf position l 3), and LER & (LER at summed leaf position l 5) were examined. Stepwise regression showed that, for all three leaf parameters, only a linear effect of temperature was significant, and there were no significant light intensity, quadratic or interaction effects. Since the estimated intercept with the temperature-axis did not vary significantly between leaf positions, and was not significantly different from 0 mC, a base temperature of 0 mC was used and the slopes estimated for LER " , LER $ and LER & (Fig. 2B ). Combining the linear effects of temperature on LER " , LER $ and LER & with a base temperature of 0 mC, and the effects of summed leaf position on LER, yielded the following equation :
where LER is in mm d − ", c is a fitted constant, T d is the mean daily temperature, fT d is the LER for summed leaf position l 1, and gT d is the LER for summed leaf position 4 _. This three-parameter (c, f and g) equation predicts LER in terms of leaf position and temperature before HS ms l 4n7. The full data set (all treatments and leaf types appearing before HS ms l 4n7) was used to estimate c, f and g, and the results are shown in Fig. 2C (c l 0n60p0n055 ; f l 1n7p0n04 mm mC d − " ; g l 3n4p0n07 mm mC d − "; values with s.e.m.). 
Leaf elongation duration
LED was closely correlated with phyllochron (expressed in days ; Fig. 1 ). Careful examination of the data showed that the relation between LED and phyllochron was different for mainstem leaf 1. For this leaf, temperature and light intensity had no significant effect on the relationship (Fig.  3A) . For the other leaves, increase in light intensity caused a significant increase in D λ (Fig. 3B-D 
Maximum width
Summed leaf position (Table 1 ) accounted for most of the variation in maximum leaf width, except for treatment T3L1. Since examination of the data showed that most of the unaccounted variation was caused by leaves that had appeared after HS ms l 4n7 (e.g. Fig. 4A ), the data were reanalysed including only those leaves that had appeared before HS ms l 4n7. Again, summed leaf position accounted for most of the variation except for treatment T3L1. Averaging over all treatments, R# adj was 86 % using summed leaf position as the independent variable (hypothesis C), and 60 and 63 % using leaf appearance day (hypothesis A) or leaf position on a tiller (hypothesis B) respectively ; the logistic function [eqn (C) ; Appendix], using summed leaf position, accounted for most of the variation. Maximum widths of leaves appearing after HS ms l 4n7 were larger than predicted by the fitted equation if the leaf position on a tiller was greater than 1 and lower than predicted if leaf position on a tiller was equal to 1.
The effects of variation in temperature and light intensity on fitted maximum width at summed leaf position l 1, 3 and 5 were examined (see Appendix for explanation). Linear, quadratic and interaction terms of temperature and light intensity had no significant effect on any of the three parameters. Therefore, the full data set (all treatments and leaf types appearing before HS ms l 4n7) was used to give a single logistic equation (values with s.e.m.) :
Maximum leaf width l 22p2n5 1je#
where maximum leaf width is in mm. The widths of two leaf types [i.e. l2.1 and l2.2 in treatment T3L1 (Fig. 4B) ] were clearly underestimated using this model.
Value of k
The leaf shape factor k [eqn (1)] was slightly dependent on temperature, but not on light intensity (values with s.e.m.) :
where T d is daily mean temperature (mC).
Leaf area
Equations (4)-(7) were used to predict the fully-expanded area of leaves appearing before HS ms l 4n7 in terms of tiller type, leaf position on the tiller, temperature and light intensity. Figure 5 shows that this set of equations accounted for 90 % of the total variation in individual leaf area.
DISCUSSION
Calculation of leaf elongation rate and leaf elongation duration
Lengths of visible leaf blades were measured four times per phyllochron and subsequently LER and LED were calculated (Fig. 1) . In this way, all elongating leaves on a plant could be measured rapidly. However, before leaf appearance, the blade elongates within the encircling sheaths and the last phase of visible elongation of the blade is caused by elongation of the sheath (Skinner and Nelson, 1995) . Thus, LER as measured in this research consists of the last part of blade elongation followed by sheath elongation. This should be kept in mind when this data set is compared with real blade elongation rates, for example measured with a radial position transducer (Volenec and Nelson, 1982 ; Skinner and Simmons, 1993) .
Usually, elongation of a single leaf in time is well described using a logistic function Skinner and Nelson, 1995) . The exponential phase of the logistic curve occurs within the encircling sheaths and was therefore not measured in this research. The exponential decrease in the rate of blade elongation at the end of the elongation phase was probably compensated for by the exponential increase in the rate of elongation of the sheath, thus giving a growth curve as shown in Fig. 1 .
Regulation of leaf elongation rate
At an early stage of development, LER increased with mainstem leaf position, as also found by Kirby (1973) and Robson (1973) . The decrease in LER after HS ms l 4n7, observed in all treatments, is not likely to have been caused by nutrient limitation, because all treatments received the same amount of nutrients per mainstem phyllochron, while biomass accumulation and tillering per mainstem phyllochron varied between treatments. Borill (1959) found strong effects of inflorescence initiation on leaf length. Inflorescence initiation was not determined here but, since stem elongation started at approximately HS ms l 5, it is possible that reproductive development was associated with the decrease in LER.
In the new approach advanced here, not only the mainstem leaves, but all leaves on a plant, were considered. Kemp (1981 b) suggested that the plant is physiologically integrated and that the LER of all simultaneously-growing leaves are equal. This might be true at later stages of plant growth, but at earlier stages, this hypothesis did not account for most of the variation. Others have assumed that leaf position on a tiller determines LER (Amir and Sinclair, 1991 ; McMaster et al., 1991 ; Van Loo, 1993) , but this hypothesis did not account for most of the variation either. Instead, a new hypothesis proved to be the most valuable : leaf types should be quantified in terms of summed leaf position (Table 1) . Using summed leaf position as an independent variable means that the LER of a leaf depends on the LER of the previous foliar leaf on the same tiller or on the parent tiller (prophylls are omitted). Thus the LER of mainstem leaf 3 depends on the LER of mainstem leaf 2, and the LER of leaf 1 on tiller t3n0 depends on the LER of mainstem leaf 3.
A possible morphological explanation for the close relationship between summed leaf position and LER is that LER, as well as other leaf dimensions, depends on the size of the apex (Abbe, Randolph and Einset, 1941 ; Van den Noort, 1988, 1990) which increases with each appearing leaf.
LER increased linearly with temperature up to 20n5 mC (Fig. 2B) , whereas effects of light intensity were not significant. Detailed studies have revealed that LER is reduced only at very low carbohydrate concentrations (Kemp and Blacklow, 1980 ; Sambo, 1983) , and that water potential (Sambo, 1983) , sucrose-metabolizing enzymes (Kalt-Torres and Huber, 1987) , length of the elongation zone (Schnyder and Nelson, 1989) and temperature (Hay and Tunnicliffe Wilson, 1982) have much larger effects on LER. It has been reported that shading can cause the length of the elongation zone and LER to increase Schnyder and Nelson, 1989) , but this effect was not observed in this research.
Regulation of leaf elongation duration
LED and phyllochron, expressed in days, were closely related (Fig. 3) . This supports the proposition of Tesar) ova! , Seidlova! and Na! tr (1992) and Skinner and Nelson (1995) , that consecutive leaves are synchronized in their growth and development. For mainstem leaf 1, LED was shorter than the phyllochron (D λ 1 ; Fig. 3A) , which means that there was a short period when mainstem leaf 1 had stopped elongating but mainstem leaf 2 had not yet appeared. For the other leaves on a plant, there was a period during which two leaves on one tiller were elongating at the same time (D λ 1 ; Fig. 3B-D) . For these other leaves, increase in light intensity was associated with an increase in D λ [eqn (5)]. This effect of light intensity on D λ may result from the negative effects of light intensity on sheath length, since a rapidly-increasing sheath length could delay leaf appearance, thereby increasing the phyllochron [eqn (2)]. To test this hypothesis, instead of leaf appearance day, leaf initiation day was calculated, following Skinner and Nelson (1994) :
Initiation day leaf λ l Appearance day leaf λk Sheath length leaf (λk2) LER leaf λ
where the sheath length of leaf (λk2) is the length of sheath that leaf λ has to traverse before appearing. Using initiation day instead of appearance day in eqn (2), the value of D λ still increased significantly with light intensity. However, since eqn (8) assumes that the LER of the unappeared leaf is equal to the LER after appearance [which is certainly not true (Skinner and Nelson, 1995) ], effects of light intensity on D λ , acting through effects on sheath length, can, therefore, not be ruled out.
Regulation of maximum leaf width
In the early stages of plant development, maximum leaf width increased with mainstem leaf position, as found by Friend, Helson and Fisher (1962) and . After HS ms l 4n7, maximum widths of the youngest leaves on a tiller were larger than predicted, whereas the first leaf on a tiller had a smaller maximum leaf width (Fig. 4A) . Inflorescence initiation may have taken place around HS ms l 4n7. After inflorescence initiation, apical dominance increases such that leaves on existing tillers might become broader, while leaves on new emerging tillers could become narrower than expected.
As found for LER, summed leaf position (Table 1 ) accounted for most of the variation in maximum leaf width, in contrast to previous hypotheses (Kemp, 1981 b ; Amir and Sinclair, 1991 ; McMaster et al., 1991 ; Van Loo, 1993) . A possible explanation is that leaf dimensions depend on the size of the apex (Abbe et al., 1941 ; Van den Noort, 1988, 1990) which increases with the appearance of each new leaf. A logistic curve accounted for most of the variation, but the part of this curve with decreasing slope could not be evaluated (Fig. 4B) . However, there is other evidence that the relation between maximum leaf width and leaf position on the mainstem is logistic (Borrill, 1959) .
There were no statistically significant effects of temperature or light intensity on maximum leaf width, confirming other results (Forde, 1966 ; Wilson and Cooper, 1969 b ; Friend and Pomeroy, 1970 ; Allard, Nelson and Pallardy, 1991) . Friend et al. (1962) found that only in more extreme conditions (mean temperature above 20 mC or light intensities below 106 µmol m − # s − ") was maximum leaf width reduced. These conditions are outside the ranges studied here.
Regulation of k
The value of k was only slightly influenced by temperature [eqn (7)]. For maize (Zea mays L.) leaves, only small effects of genotype, plant density or leaf position on k were found (Van Arkel, 1978 ; Sanderson, Daynard and Tollenaar, 1981 ). It appears, therefore that length and maximum width are good estimators of leaf area, as they are largely independent of environmental conditions and leaf type.
Towards a dynamic mechanistic model
Models of leaf area growth of Gramineae species can be divided into two types : (1) leaf area is calculated from the leaf weight\shoot weight ratio and specific leaf weight [e.g. SUCROS models (Spitters, Van Keulen and Van Kraalingen, 1989) ] and (2) leaf area is calculated from the increase in leaf and tiller numbers and area expansion of individual leaves. Results of models of the first type are not satisfactory because they ignore the fact that the dynamics of leaf area and leaf dry weight are controlled by different physiological processes. Models of the second type have the capability to simulate the area expansion more adequately because variables, such as leaf appearance and elongation, are more directly governed by physiological and morphogenetic processes. However, existing models of the second type are descriptive. Final leaf lengths and maximum leaf widths are usually not predicted but empirical (Porter, 1984 ; Van Loo, 1993) or derived from a fitted descriptive function (Carberry, Muchow and Hammer, 1993 ; Wilhelm et al., 1993) . Leaf length and width at certain leaf positions of different tillers are assumed to be equal (Porter, 1984 ; Van Loo, 1993) or slightly different (Wilhelm et al., 1993) . The current analysis introduces a method to calculate effects of all possible leaf types on leaf parameters.
Equations (4)- (7) provide a more sound basis for a mechanistic morphological model of growth of leaf area at early plant stages. Together with the equations developed for the dynamics of leaf number (Bos and Neuteboom, 1998) , leaf area per plant can be simulated in principle. These relationships can also be developed for other Gramineae species and effects of factors such as plant density and nitrogen supply can also be included. 
Use of biologically-realistic equations for data analysis
Leaf appearance day (hypothesis A), leaf position on a tiller (hypothesis B) or summed leaf position (hypothesis C) (Table 1) were used as independent variables (x) to account for variation in the dependent variables ( y), maximum leaf width or LER. Biologically-realistic relations between y and x were fitted to test which hypothesis accounted for most of the variation. The following equations were evaluated : (1) the negative exponential equation, often used for the photosynthesis-light response (Goudriaan and Van Laar, 1994) ; three S-shaped curves (Cao et al., 1988) : (2) the Gompertz function ; (3) the logistic equation ; and (4) the Richards function ; and (v) a bell-shaped curve (Stewart and Dwyer, 1994) . R# adj was determined for each of the 15 hypothesis-equation combinations. The hypothesisequation combination with the highest R# adj was selected.
Effects of temperature and light intensity on the standard parameters of the selected equation were not directly analysed, because the data range was limited, and parameters such as maximum asymptotic y-value are, therefore, estimated with a large standard error. For a three-parameter equation and x ranging from 1 to 5, three new parameters were calculated that : (1) fully determine the equation ; (2) have a low standard error and are not closely correlated ; and (3) cover the data range. These new parameters are y " (the fitted y value for x l 1), y $ (the fitted y value for x l 3) and y & (the fitted y value for x l 5) (y l LER or maximum leaf width ; x l summed leaf position).
The negative exponential equation is :
y l ( y max ky " )i(1ke −cx) )jy "
where y is LER or maximum width, x is leaf appearance day, leaf position on a tiller or summed leaf position, y max the maximum asymptotic y value, y " the y value at x l 1 and c a fitted constant. Three S-shaped curves were evaluated (Cao et al., 1900) : (1) the Gompertz function :
y l y max e −c " e −c # x (B)
with c " and c # fitted constants ; (2) the logistic function :
and (3) 
All constants were estimated with non-linear regression. The equation which explained most variation (highest R# adj ) was selected.
